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SYSTEM AND METHOD FOR PRODUCING A
SAMPLE HAVING A MONOTONIC DOPING
GRADIENT OF A DIFFUSIVE CONSTITUENT
OR INTERSTITIAL ATOM OR MOLECULE

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

The System and Method for Producing a Sample Having a
Monotonic Doping Gradient of a Diffusive Constituent or
Interstitial Atom or Molecule is assigned to the United States
Government and is available for licensing for commercial
purposes. Licensing and technical inquiries may be directed
to the Office of Research and Technical Applications, Space
and Naval Warfare Systems Center, Pacific, Code 72120, San

Diego, Calif.,, 92152; wvoice (619) 553-5118; email
ssc_pac_T2@navy.mil; reference Navy Case Number
102010.

BACKGROUND

Conventionally prepared samples are annealed at a care-
fully controlled constant temperature and oxygen pressure.
The physical properties of these conventional samples are
then investigated through various measurements on a series of
samples prepared under varied annealing conditions so as to
have discretely varied oxygen content. It would be advanta-
geous to have a system and method to prepare such a sample
so that the oxygen content is controllably varied physically
within the same sample. With such a sample, it would be
possible to perform electronic transport measurements over
micro- to nano-scale regions having significantly smaller dif-
ferences in oxygen content, leading to a greatly improved
characterization of the evolving physical properties under
study.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a front view of a schematic diagram of an
embodiment of a system employing a sample between two
heat sources, in accordance with the System and Method for
Producing a Sample Having a Monotonic Doping Gradient of
a Diffusive Constituent or Interstitial Atom or Molecule.

FIG. 2 shows a front view of a schematic diagram of an
embodiment of a system employing a sample between a heat
source and a heat sink, in accordance with the System and
Method for Producing a Sample Having a Monotonic Doping
Gradient of a Diffusive Constituent or Interstitial Atom or
Molecule.

FIG. 3 shows a front view of a schematic diagram of an
embodiment of a system on a platform employing a sample
between two heat sources, in accordance with the System and
Method for Producing a Sample Having a Monotonic Doping
Gradient of a Diffusive Constituent or Interstitial Atom or
Molecule.

FIG. 4 shows a top view of a schematic diagram of an
embodiment of a system positioned within an atmospheric
chamber, in accordance with the System and Method for
Producing a Sample Having a Monotonic Doping Gradient of
a Diffusive Constituent or Interstitial Atom or Molecule.

FIG. 5 shows a flowchart of an embodiment of a method in
accordance with the System and Method for Producing a
Sample Having a Monotonic Doping Gradient of a Diffusive
Constituent or Interstitial Atom or Molecule.

FIG. 6 shows a graph of the hole doping content per Cu site
in the Cu—O plane vs. position along the sample length, p vs.
x, of a YBa,Cu;0, film annealed using the System and
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Method for Producing a Sample Having a Monotonic Doping
Gradient of a Diffusive Constituent or Interstitial Atom or
Molecule.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

The embodiments of the system and method described
herein can be utilized with any sample material that has as a
step in the preparation process an annealing period in either a
reactive or inert gas wherein the final composition of the
material is determined by the temperature of the sample and
the pressure of the gas.

The embodiments of the system and method may be used
for various purposes including producing a high temperature
cuprate superconductor, YBa,Cu,O,, that has a continuously
varying oxygen content across the sample (6=x<7). The oxy-
gen content of this and similar materials is determined by the
temperature of the sample and the pressure of the oxygen
atmosphere during the anneal process.

The embodiments of the system and method described
herein may be used, for example, for annealing of single
crystal or film samples in controlled atmospheric conditions
while simultaneously applying a thermal gradient across a
length of the sample. As an example, the system may be used
for production of samples having a continuous physical varia-
tion in oxygen content along a length and width of the sample.
The oxygen content of these materials is determined by the
annealing conditions of temperature and atmospheric (oxy-
gen, argon, etc.) pressure. The compositional oxygen gradi-
ent may be achieved by positioning the sample between ther-
mal stages (heaters and/or heat sinks) that are inside of a
pressure controlled atmospheric chamber, such as a vacuum
chamber. The pressure of the gas in the chamber may then be
set and held fixed at a given or to be determined value. The
stages may then be set at temperatures above and below the
characteristic thermal activation temperature at which certain
atomic constituents of the material will be able to diffusively
move in or out of the parent material.

With the sample mounted between the two thermal stages,
the atmospheric gas may be set to a respective low or high
pressure. Finally, the sample stages may be set to the low and
high temperature set points and the sample is allowed to
anneal so that the atmospheric gas will diffuse out of (into) the
sample at the high temperature end.

The level of oxygen content in YBa,Cu;O,, and similar
cuprate based high-Tc superconductors, directly determines
the carrier charge density (holes), p, in the Cu—O planes, in
the system and is correlated with the temperature at which the
material becomes superconducting as well as other important
observed phenomena. Studies have established that as the
hole content is varied the materials undergo various elec-
tronic phase transitions wherein typically an observed physi-
cal property, such as the electronic effective mass, diverges as
the critical doping level is approached.

By using the embodiments of the system and method dis-
cussed herein, in addition to greatly enhancing the character-
ization of the relationship between the evolving physical
properties and the carrier charge density, it is possible to
carryout novel electronic transport measurements in configu-
rations such that superconducting and non-superconducting
electrons must physically transit from one electronic state to
another while passing through a region known as a tunnel
junction.

As an example, the samples produced as a result of the
system and method discussed herein may be used to make
Josephson junctions with an electrochemical potential across
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the junction (see FIG. 6). Of particular interest are Josephson
junctions wherein the electrons on each side of the junction
have distinct electronic ground states. In the case where a
Fermi surface reconstruction occurs in the region of the junc-
tion, experimental evidence indicates that the effective elec-
tronic mass diverges. Such a phenomenon will impact the
tunneling properties of the junctions. Another region of inter-
est is the charge (hole) doping level of the putative Quantum
Critical Point (QCP) at p=0.2. With junctions prepared such
that opposing connections lie on each side of the QCP it is
conceivable that an electronic transport experiment could
directly probe the nature of a QCP via the impact on the
fundamental properties of the tunneling electrons.

FIG. 1 shows a front view of a schematic diagram of an
embodiment of a system 10 employing a sample between two
heat sources, in accordance with the System and Method for
Producing a Sample Having a Monotonic Doping Gradient of
a Diffusive Constituent or Interstitial Atom or Molecule. Sys-
tem 10 includes a sample 20 in thermal contact with a first
heat source 30 and a second heat source 40.

In some embodiments, sample 20 is physically in contact
with heat sources 30 and 40. In some embodiments, sample
20 is held in place between heat sources 30 and 40 via an
applied pressure. For example, this pressure may be applied
manually, with supports 50 and 60 being adjusted and then
held fixed via set-screws or a similar locking mechanism.
Alternatively, supports 50 and 60 can have their position
controlled via a threaded rod, ratchet, hydraulic, or similar
type assembly so that the pressure can be controllably applied
to sample 20 in a repeatable manner.

Sample 20 is a sample of a chemical compound and may
comprise any size or shape. Examples of sample 20 include
YBa,Cu;0, and similar oxide compounds, fluorine doped
Fe—As superconducting compounds and similar pnictide
compounds, pure metal or metallic alloys with diffusive
hydrogen, optical materials annealed in a reactive gas, or any
such chemical compound that exhibits useful changes in
physical properties upon undergoing an annealing process.
Sample 20 may be a deposited film or a single or large grain
crystalline material. For instance, in the case where sample 20
is a uniformly overdoped (p=0.20) cuprate superconductor
single crystal or film, the sample may initially be prepared
with either a uniform high (maximum) or low (minimum)
oxygen content. For example, using YBa2Cu30x, the oxygen
content, X, can be between 6 or 7, where 6 is low and 7 is high.
The low/high criterion is determined by the minimum/maxi-
mum amount of oxygen (diffusive molecule) that the parent/
host compound can reversibly uptake or expel without under-
going an irreversible chemical breakdown into new
stoichiometric compounds.

Heat source 30 is set to a first temperature and heat source
40 is set to a second temperature. The difference in tempera-
tures between heat source 30 and heat source 40 may depend
upon various factors such as the composition of the sample
material, the desired gradient for the sample material, and the
gas and pressure used in the atmospheric chamber. In some
embodiments, the first temperature is a temperature above a
characteristic thermal activation temperature of the sample at
which at least some of the diffusive atomic constituents, such
as oxygen, nitrogen, and hydrogen are able to diffusively
move in and out of the parent material, such as YBa2Cu30Ox,
yttria stabilized zirconia, and tantalum or palladium, respec-
tively, in a gaseous phase, while the second temperature is a
temperature below this characteristic thermal activation tem-
perature. Such temperatures are known to those having ordi-
nary skill in the art and are readily available in the literature.
As an example, heat sources 30 and 40 may be heater blocks.
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In some embodiments, the temperatures of heat sources 30
and 40 may be set and variably controlled using temperature
controllers (not shown) connected thereto.

Heat source 30 is secured to a support 50 and heat source 40
is secured to a support 60, such that heat source 40 is posi-
tioned directly above and separated from heat source 30. In
other embodiments, heat source 40 and heat source 50 may be
oriented differently with respect to one another. As an
example, supports 50 and 60 may comprise adjustable stain-
less steel frames. However, other configurations and materi-
als may be used for supports 50 and 60 as would be recog-
nized by one having ordinary skill in the art.

FIG. 2 shows a front view of a schematic diagram of
another embodiment of a system 100 in accordance with the
System and Method for Producing a Sample Having a Mono-
tonic Doping Gradient of a Diftusive Constituent or Intersti-
tial Atom or Molecule. System 100 includes a sample 110 in
thermal contact with a heat source 120 and a heat sink 130.
Sample 110 may be configured the same as sample 20 shown
in FIG. 1. As an example, heat source 120 may be a heater
block and heat sink 130 may comprise a non-reactive metal
such as stainless steel. In some embodiments, sample 110 is
physically in contact with heat source 120 and heat sink 130.
Heat source 120 is set to a higher temperature than heat sink
130. The temperature of heat source 120 and the temperature
of heat sink 130 may be set to a particular temperature and
controlled by temperature controllers (not shown) connected
thereto.

Heat source 120 is secured to a support 140 and heat sink
130 is secured to a support 150, such that heat sink 130 is
positioned directly above and separated from heat source 120.
Supports 140 and 150 may be similar to supports 50 and 60
shown in FIG. 1. In other embodiments, heat source 130 and
heat sink 140 may be oriented differently with respect to one
another. As an example, supports 140 and 150 may comprise
adjustable stainless steel frames. However, other configura-
tions and materials may be used for supports 140 and 150 as
would be recognized by one having ordinary skill in the art.

In some embodiments, heat sink 130 has a temperature
monitor 160, such as a thermocouple, operatively connected
thereto. In some embodiments, the thermocouple junction is
in direct physical contact with the top edge of the sample
material. Temperature monitor 160 serves to monitor the
temperature of thermal sink 130 and may comprise any com-
mercially available thermocouple, thermometer, etc. In some
embodiments, temperature monitor 160 may be positioned
with the supportive ceramic body above thermal sink 130, as
shown. In such embodiments, where a thermocouple is used,
the thermocouple junction may be in contact with the sample.
In embodiments involving a thermocouple, heat sink 130
holds the ceramic section of the thermocouple to keep the
thermocouple wires electrically insulated from each other
and to keep thermocouple stable at high temperatures. The
ceramic section is typically in the shape of a cylinder with two
holes along its length. In some embodiments, and with
adequate calibration, the thermocouple may be directly in
contact with the heat sink at a point away from the sample/
sink interface.

FIG. 3 shows a front view of a schematic diagram 200 of an
embodiment of a system on a platform in accordance with the
System and Method for Producing a Sample Having a Mono-
tonic Doping Gradient of a Diftusive Constituent or Intersti-
tial Atom or Molecule. A system, such as system 10 shown in
FIG. 1 or system 100 shown in FIG. 2, is positioned on a
platform 210 which is supported by a base 220. Platform 210
and base 220 may comprise any commercially available
material and may comprise various configurations as would



US 9,188,514 Bl

5

berecognized by one having ordinary skill in the art, provided
that system 10 can be adequately secured and supported. The
system as shown may be inserted into an atmospheric cham-
ber as shown in FIG. 4.

Referring to FIG. 4, FIG. 4 shows a top view of a schematic
diagram 300 of an embodiment of a system positioned within
an atmospheric chamber. As an example, system 10 contained
within system 200 is positioned within atmospheric chamber
310. Atmospheric chamber 310, an example of which is a
vacuum chamber, may be pressure controlled and may be
filled with a reactive or inert gas. The pressure that atmo-
spheric chamber 310 is set to may depend on the composition
of the sample material, the desired gradient for the sample
material, the gas used in the atmospheric chamber, and the
temperature of the heat source(s). For example, in the case of
YBa,Cu,0,, the sample is initially annealed in a 950 Torr
oxygen atmosphere at 450° C. The sample is then placed in
the thermal gradient apparatus with a heat source and heat
sink. The oxygen atmosphere is set to a low pressure (e.g. 100
mTorr), the heat source is set to 450° C. and a thermal gradient
equilibrium is established so that the heat sink is stable at 330°
C. System 10 may be thermally well connected to atmo-
spheric chamber 310 via a high vacuum flange connected to
the heater block assembly. The flange may have electrical
feed-throughs for connecting the controls of one or two heater
blocks.

FIG. 5 shows a flowchart of an embodiment of a method
400 in accordance with the System and Method for Producing
a Sample Having a Monotonic Doping Gradient of a Diffu-
sive Constituent or Interstitial Atom or Molecule. As an
example, method 400 may be performed by a system as
shown in FIG. 4, using systems 10 and 100 as shown in FIGS.
1 and 2 and described herein. Accordingly, method 400 will
be discussed with reference to such systems and their respec-
tive components. Further, while FIG. 5 shows one embodi-
ment of method 400 to include steps 410-430, other embodi-
ments of method 400 may contain fewer or more steps.
Further, while in some embodiments the steps of method 400
may be performed as shown in FIG. 5, in other embodiments
the steps may be performed in a different order, or certain
steps may occur simultaneously with one or more other steps.

Method 400 may begin at step 410, which involves provid-
ing a sample 20 contained within a pressure controlled atmo-
spheric chamber 300. Step 420 may then involve setting
atmospheric chamber 300 to a predetermined atmospheric
pressure. The pressure of atmospheric chamber 300 is set to
either a low or high atmospheric pressure depending on the
content of at least one of diffusive atoms and diffusive mol-
ecules in the sample to be annealed. For example, if the
sample has a low content of diffusive atoms or molecules, the
atmospheric chamber will be set to a high pressure, and vice
versa. In the case of YBa,Cu,O,, low and high content are
relative to x=6.0 and x=7.0 respectively, and a high pressure
is considered greater than one standard atmosphere (760
Torr).

Step 430 may then involve annealing sample 20 until an
equilibrium gradient distribution of the diffusive atomic or
molecular constituents occurs along sample 20. For example,
if the sample is flat and rectangular, the equilibrium gradient
distribution would occur along both the length and width of
sample 20 such that the distribution varies along the length
but is uniform across any given cross section (widthxthick-
ness). In the case of a 1 cmx0.5 cmx200 nm YBa,Cu,O, film,
an equilibrium oxygen gradient was found to be established
after annealing under the conditions described above for at
least 12 hours. The resulting oxygen distribution was estab-
lished using focused x-ray diffraction measurements along
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the length of the film. These values were corroborated with
resistivity measurements on resistance bridges lithographi-
cally formed on the same sample. The resulting distribution is
shown in FIG. 6. The low temperature edge of the film exhib-
ited no loss of oxygen while the high temperature edge lost
=~30% of the oxygen removable via annealing.

Referring to FIG. 6, FIG. 6 shows a graph 500 of the hole
doping content per Cu site in the Cu—O plane vs. position
along the sample length, p vs. x, of a YBa,Cu,O, film
annealed using the system and method described herein. Of
particular interest are the abrupt jumps of the hole concentra-
tion along the film length corresponding to well known con-
centration values associated with key physical phenomena at
play in this class of materials, i.e., the pseudo-gap, the maxi-
mum in the superconducting transition temperature as a func-
tion of doping, and the suppression of the critical temperature
in the region of % doping. The abrupt structural transitions
observed (which are correlated with the hole concentration
values) suggest that Josephson junctions bridging these struc-
tural/electronic transitions are realizable. Such junctions
could be used as novel new ways to probe the physics of the
competing electronic states in this material as well as be
exploited in various electronic circuitries.

Many modifications and variations of the System and
Method for Producing a Sample Having a Monotonic Doping
Gradient of a Diffusive Constituent or Interstitial Atom or
Molecule are possible in light of the above description.
Within the scope of the appended claims, the embodiments of
the systems described herein may be practiced otherwise than
as specifically described. The scope of the claims is not lim-
ited to the implementations and the embodiments disclosed
herein, but extends to other implementations and embodi-
ments as may be contemplated by those having ordinary skill
in the art.

I claim:

1. A method comprising the step of:

annealing a sample of a chemical compound contained

within a pressure controlled atmospheric chamber,
wherein the sample comprises a parent material and one
or more of at least one of diffusive atomic and molecular
constituents, wherein one end of the sample is in physi-
cal contact with and held in place only by a heat source
having a first temperature and the other end of the
sample is in physical contact with and held in place only
by a heat sink having a second temperature, wherein the
second temperature is lower than the first temperature,
until an equilibrium gradient distribution of the diffusive
atomic or molecular constituents occurs along the
sample such that the equilibrium gradient distribution
varies along a length of the sample and is uniform across
a given cross-section of the sample.

2. The method of claim 1, wherein the first temperature is
a temperature above a characteristic thermal activation tem-
perature of the sample at which at least some of the diffusive
atomic or molecular constituents are able to diffusively move
in and out of the parent material in a gaseous phase.

3. The method of claim 2, wherein the second temperature
is a temperature below the characteristic thermal activation
temperature of the sample at which at least some of the
diffusive atomic or molecular constituents are able to diffu-
sively move in and out of the parent material in a gaseous
phase.

4. The method of claim 1, wherein the atmospheric cham-
ber is set to a predetermined atmospheric pressure level prior
to the step of annealing.

5. The method of claim 1, wherein the sample is a deposited
film.
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6. The method of claim 1, wherein the sample is a crystal-
line material.

7. The method of claim 1, wherein prior to the step of
annealing, the sample has a uniform high content of at least
one of diffusive atoms and diffusive molecules and the atmo-
spheric chamber is set to a low atmospheric pressure.

8. The method of claim 1, wherein prior to the step of
annealing, the sample has a uniform low content of at least
one of diffusive atoms and diffusive molecules and the atmo-
spheric chamber is set to a high atmospheric pressure.

9. A method comprising the steps of:

providing a sample comprising a crystalline material con-

tained within a pressure controlled atmospheric cham-
ber set to a predetermined atmospheric pressure,
wherein the sample comprises a parent material and one
or more of at least one of diffusive atomic and molecular
constituents, wherein one end of the sample is in physi-
cal contact with and held in place only by a heat source
having a first temperature and the other end of the
sample is in physical contact with and held in place only
by a heat sink having a second temperature, wherein the
first temperature is a temperature above a characteristic
thermal activation temperature of the sample at which at
least some of the diffusive atomic and molecular con-
stituents are able to diffusively move in and out of the
parent material and the second temperature is a tempera-
ture below the characteristic thermal activation tempera-
ture of the sample at which at least some of the diffusive
atomic and molecular constituents are able to diffusively
move in and out of the parent material; and

annealing the sample until an equilibrium gradient distri-

bution of the diffusive atomic or molecular constituents
occurs along the sample such that the equilibrium gra-
dient distribution varies along a length of the sample and
is uniform across a given cross-section of the sample.

10. The method of claim 9, wherein the step of providing a
sample contained within a pressure controlled atmospheric
chamber set to a predetermined atmospheric pressure com-
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prises providing a sample having a uniform high content of
the diffusive atomic or molecular constituents contained
within a pressure controlled atmospheric chamber set to a low
atmospheric pressure.

11. The method of claim 9, wherein the step of providing a
sample contained within a pressure controlled atmospheric
chamber set to a predetermined atmospheric pressure com-
prises providing a sample having a uniform low content ofthe
diftusive atomic or molecular constituents contained within a
pressure controlled atmospheric chamber set to a high atmo-
spheric pressure.

12. A system comprising:

a sample comprising a deposited film on a substrate con-
tained within a pressure controlled atmospheric cham-
ber, wherein the deposited film is a cuprate-based high-
temperature superconductor, wherein one end of the
sample is in physical contact with and held in place only
by a heat source having a first temperature and the other
end of the sample is in physical contact with and held in
place only by a heat sink having a second temperature,
wherein the second temperature is lower than the first
temperature.

13. The system of claim 12 further comprising a structure
configured to support the heat source and the heat sink such
that the heat sink is positioned directly opposite to and sepa-
rated from the heat source, wherein the heat source and heat
sink are positioned in an atmospherically controllable
vacuum chamber, the heat source temperature is controlled,
and the sink temperature is kept at an equilibrium temperature
below the activation temperature of the sample.

14. The system of claim 12, wherein the deposited film
comprises YBa,Cu,0,, where 6<x<7.

15. The system of claim 12 further comprising a thermo-
couple coupled to the heat sink such that a thermocouple
junction is in direct physical contact with a top edge of the
sample.



